ABTRACT Matrix metalloproteinases (MMP) are likely effectors of normal lung development, especially branching morphogenesis, angiogenesis, and extracellular matrix degradation. Because hyperoxia exposure (Ͼ95% O 2 ) from d 4 to 14 in newborn rat pups leads to arrest of alveolarization and mimics newborn chronic lung disease, we tested whether hyperoxia altered MMP-2 and -9 mRNA, protein, and enzymatic activity, and the mRNA and protein expression of the endogenous tissue inhibitor of MMP, TIMP-1. No changes due to hyperoxia exposure were observed in MMP-2 mRNA or pro-enzyme (72 kD) protein levels between d 6 and 14, although the overall protein mass and zymographic activity of the active (68 kD) enzyme were diminished (p Ͻ 0.05, ANOVA). However, hyperoxia significantly decreased levels of MMP-9 mRNA and pro-MMP-9 protein and diminished overall MMP-9 pro-enzyme activity.
Lung alveoli are formed when immature saccules subdivide into functional gas-exchange units through formation of secondary septa (1, 2) . The process of septation involves budding from the primary septum (saccular wall), formation of a double-capillary network, elongation of septa, coalescence of vessels to form a single capillary layer, and thinning of the septal walls (1, 2) . Exposure of neonatal rats to hyperoxia during alveolarization interferes with the process of septation; alveolar number and internal surface area are decreased and the parenchymal airspace is enlarged (3) (4) (5) . These parameters persist up to d 40 (6) . Hyperoxia during the neonatal period also alters lung connective tissue, alters elastic fiber structure and concentration (7) , and causes an inflammatory reaction characterized by interalveolar edema and proteinosis (3, 5, 8) . Chronic inflammation of the neonatal lung leads to fibrosis and thickening of the septa (3, 5) .
MMP are a group of proteases that exist as pro-enzymes and are cleaved by other MMP to active forms that have several specialized functions, including extracellular matrix turnover. Some of their functions regulate processes associated with development, such as branching morphogenesis and angiogenesis as well as inflammatory processes and wound healing (9) . MMP-2 and MMP-9, also called gelatinases-A and -B, respectively, cleave gelatin, type IV and V collagen, and elastin. Types IV, V, and VII collagens are associated with basement membranes (10) . MMP-2 and MMP-9 exhibit increased gelatinolytic activities as the lung develops (11) , and during the postnatal lung growth stage both MMP-2 and MMP-9 are detected in alveolar epithelial cells (11) . MMP-2-deficient mice develop normally, with no gross anatomical abnormali-ties, however, they display a significantly slower growth rate (approximately 15%) (12) . Conversely, MMP-9 -deficient mice, while developing to term and surviving normally after birth, exhibit an abnormal pattern of skeletal growth plate vascularization and ossification (13) .
MMP are tightly regulated by the TIMP. Four different TIMP have been characterized: MMP-9 pro-enzyme and active enzyme bind TIMP-1 most avidly and TIMP-2 and -3 less so. TIMP-2, -3, and -4 bind with high affinity to MMP-2. TIMP-1 is inducible whereas TIMP-2 is constitutive (14) . It is likely that TIMP play key roles in maintaining the balance between extracellular matrix deposition and degradation (15) , and TIMP-1 is able to induce several other activities such as stimulating the growth of keratinocytes, gingival fibroblasts, and the Burkitt lymphoma cell line (16) . Because MMP degrade growth factors, these effects of TIMP-1 may result from its inhibition of MMP and prevention of growth factor degradation (14) .
Hyperoxia has been shown to alter pulmonary MMP. Adult rats exposed to 85% O 2 had increased levels of MMP-2 and MMP-9 activities in both bronchoalveolar lavage fluid and type II cells (17) . In newborn rat pups, 85% O 2 from d 1 to d 6 elevated type IV collagenase mRNA and activity (18) , and we demonstrated that hyperoxia (Ͼ95% O 2 ) exposure from d 3 elevated MMP-2 pro-enzyme activity, in particular on d 17, in association with airway hyperplasia, histiocyte invasion, and edema (19) . Hence hyperoxia-elevated MMP are associated with hyperoxia-induced lung pathology. However, the conditions of each study were different and were not correlated with stages of lung alveolarization. It was therefore deemed important to study the pattern of expression, protein levels, and activity of MMP-2 and MMP-9 throughout alveolarization and the effects of hyperoxia upon these parameters with the intention of defining more clearly the potential for MMP to be involved in normal and pathologic lung development. Further, the levels of TIMP-1 and -2 mRNA and, for reasons described in the text, TIMP-1 protein were also determined under the assumption that they might reflect opposing changes to MMP and thereby more clearly define those changes. We hypothesized that MMP-2 and MMP-9 would increase during the period of alveolar development, that hyperoxia during this time would elevate the levels and activity of MMP-2 and MMP-9 above normoxia, and that hyperoxia would decrease TIMP levels.
MATERIALS AND METHODS

Animals.
Sprague-Dawley albino rat pups (Charles River Laboratories, St. Constant, Quebec, Canada) of both sexes were used. They were housed in the Health Sciences Animal Laboratory Service Department of the University of Alberta under veterinary supervision. The guidelines of the Canadian Council of Animal Care were followed in all experimental procedures and ethical approval was received for all experimental procedures. Dams were maintained on regular laboratory rodent pellets and water ad libitum and kept on a 12-h light/dark cycle. O 2 Exposure. Parallel litters of randomly divided rat pups and their dams were placed into 0.14 m 3 Plexiglas exposure chambers containing Ͼ95% O 2 or 21% O 2 (room air/ normoxia), as previously published (3, 5, 8) from d 4 to d 14 of postnatal life. Oxygen concentrations were monitored daily (Ventronic oxygen analyzer no. 5517, Temecula, CA, U.S.A.). Oxygen and room air were filtered through barium hydroxide lime (Baralyme, Chemetron Medical Division, St. Louis, MO, U.S.A.) to keep CO 2 levels below 0.5%, and through charcoal to remove odors. Temperature and humidity were maintained at 26°C and 75-80% respectively. Chambers were opened for Ͻ15 min daily to switch dams between air and O 2 environments and clean dirty cages.
Preparation of lung samples. Pups from each exposure group were killed on d 4, 6, 9, 12, or 14 with an intraperitoneal overdose of pentobarbital sodium (100 mg/kg Euthanyl; MIC Pharmaceuticals, Cambridge, ON, Canada). Lung vasculature was washed by perfusion with 5 mL of ice-cold PBS injected into the right ventricle. The lungs were removed and snap frozen.
RT and real-time quantitative PCR. Total RNA was isolated using TRIzol reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, U.S.A.). Samples were further treated with DNase 1 (DNA-free, Ambion, Austin, TX, U.S.A.) to ensure that no DNA contamination existed. Quality of RNA was assessed by formaldehyde agarose gel electrophoresis.
Reverse transcription. Total RNA (100 ng) was added to a reaction mixture containing 100 ng random nanomers (Stratagene, La Jolla, CA, U.S.A.), 1ϫ cDNA first-strand buffer, 500 mM DTT, 0.4 U/L RNase inhibitor, 1 mM each deoxyribonucleoside triphosphate (dNTP) and 0.75 U/L Superscript II reverse transcriptase (Invitrogen). Negative RT (no enzyme) and no-template controls were also included. The RT thermal cycle was 25°C for 10 min, 50°C for 45 min, and 85°C for 5 min.
Real-time PCR. For real-time RT-PCR MMP-2, TIMP-1, and TIMP-2 were detected using SYBR-green, and MMP-9 was detected using a fluorescent-labeled beacon. The following primers and probes were selected. For MMP-2, 5'-ATCTGGTGTCTCCCTTACGG-3' (sense) and 5'-GTG-CAGTGATGTCCGACAAC-3' (antisense) primers were used. For MMP-9 5'-GGCAAGGATGGTCTACTGGC-3' (sense), 5'-GACGCACATCTCTCCTGCCG-3' (antisense), and 5'-(6-FAM)CGCGATCCACTTCGACGACGAC-GAGTTGTGGTGATCGCG(BHQ-1)-3' (internal oligonucleotide probe) were used. Rat cyclophilin was used for quantification, and the following primers and probes were used: 5'-TCACCCACACTGTGCCCATCTACGA-3' (sense), 5'-GGATGCCACAGGATTCCATACCCA-3' (antisense), and 5'-(Texas red)CAGGCTGCGAGCTGTTTGCA-GACAAAGTTCCAAAGACAGCAGCCTG(DABCYL)-3' (internal oligonucleotide probe for use with MMP-9 only). Primers were purchased from Sigma-Genosys (The Woodlands, TX, U.S.A.), the probe for MMP-9 was obtained from Biosearch Technologies (Novato, CA, U.S.A.), and the probe for cyclophilin was purchased from Stratagene. Primers were optimized for annealing temperature and RT RNA 27 concentration. The correct product size and sequence were then confirmed by electrophoresis and sequencing.
The PCR mixture (50 L total volume) consisted of 0.2 M of each primer, 0.2 M of each molecular beacon (MMP-9 and cyclophilin only), 10ϫ PCR buffer (including SYBR green for MMP-2) (Applied Biosystems, Warrington, U.K.), 1.9 mM MgCl 2 , 0.2 mM each dNTP, 0.04 U/L Taq polymerase (Invitrogen), and 2 L cDNA. Amplification and detection were performed using the iCycler iQ real-time PCR detection system (Bio-Rad, Hercules, CA, U.S.A.) with the following cycle profile: 50°C for 2 min, 95°C for 10 min and 45 cycles of 95°C for 15 s, 56°C for 1 min, 72°C for 30 s. After the PCR run was completed, melt curve analysis was used to confirm that there was one amplified product. Baseline fluorescence was determined, and a threshold value assigned at 10 SD above the mean baseline fluorescence. This was used to assign a threshold cycle for each well. All reactions were performed in triplicate and controlled by a no-template reaction. The mRNA of d 4 animals was pooled and used as a control group to allow analysis between PCR plates. All results have been normalized to cyclophilin, an enzyme involved in protein folding due to its peptidyl-prolyl isomerase activity, which is expressed constitutively in all tissues and did not change during these experiments. The PCR reaction efficiency (E) for each primer set was determined from the slope of the standard curve (E ϭ 10 (-1/slope) ) (20) . The relative gene mRNA expression for each sample was then determined:
Western immunoblotting. Samples were homogenized in lysis buffer [50 mM Tris-HCl, 3 mM sucrose, 0.1% Triton X-100, and 1 mM protease inhibitor cocktail (CalbiochemNovabiochem, La Jolla, CA, U.S.A.)], supernatant was removed, and protein content was estimated using a Micro BCA Protein Assay Reagent Kit (Pierce, Rockford, IL, U.S.A.).
The presence and relative abundance of MMP-2 and MMP-9 were determined using Western immunoblotting as described by Laemmli (21) . Aliquots from lung homogenates were diluted in reducing sample buffer (Tris-Cl 0.5 M, B-mercaptoethanol, 87% glycerol, 10% SDS, 1% bromophenol blue). Protein (40 g/well) was loaded into 10% polyacrylamide gels. Proteins were separated by electrophoresis and transferred onto nitrocellulose membranes (Bio-Rad, Mississauga, ON, Canada) then blocked for nonspecific binding in a 7% skimmed milk solution. Membranes were incubated with primary antibodies, raised in rabbit against MMP-2 and MMP-9 (SigmaAldrich Canada Ltd., Oakville, ON, Canada) or TIMP-1 (Oncogene Research Products, Boston, MA, U.S.A.) for 2 h at a 1:500 dilution. Membranes were then washed and incubated for 1 h with peroxidase conjugated goat anti-rabbit IgG (Jackson Immunoresearch, Bio/Can Scientific, Mississauga, ON, Canada). After repeated washing, membranes were incubated with enhanced chemiluminescence reagent (Amersham Pharmacia Biotech UK, Ltd., Little Chalfont, Buckinghamshire, U.K.) and placed in a Fluor-X Max Imager (Bio-Rad), where the image was captured and bands analyzed by densitometric analysis.
Gelatinase zymography. Samples were prepared as for Western immunoblotting. Aliquots of lung sample were diluted in nonreducing loading buffer (Tris-Cl pH 6.8, 36% glycerol, 10% SDS, bromophenol blue). Samples of protein (40 g) were loaded into 7.5% polyacrylamide gel containing 0.2% gelatin and proteins separated by electrophoresis at 4°C for 2 h. Gels were washed in 2.5% Triton-X 100 (three times each for 20 min) at room temperature, then incubated overnight (16 h) at 37°C in 50 mM Tris-Cl buffer, pH 7.6, supplemented with 0.15 M NaCl, 5 mM CaCl 2 , and 0.05% NaN 3 . Gels were removed and stained in 0.05% Coomassie Brilliant Blue G-250 in a mixture of methanol:acetic acid:water (2.5:1:6.5) for 1 h, then destained in 4% ethanol and 8% acetic acid for 4 -5 h. Gels were analyzed as for Western immunoblotting. As a negative control, 100 M 1,10-phenanthroline monohydrate, a metalloproteinase inhibitor, was added to the incubating buffer of a test zymography gel; this completely inhibited any gelatinolytic activity (results not shown).
MMP inhibition. Rat pups were administered 20 mg/kg doxycycline (Sigma-Aldrich Canada Ltd.) or equal volume of vehicle (0.9% saline) by gavage, twice daily (0800 and 2000 h) from d 4 to13.
In situ zymography. An 8% polyacrylamide gel with 50 mM Tris-Cl pH 7.4, 5 mM CaCl 2 , and 1% gelatin was placed flat in a humid chamber, coated with 1 mL zymography incubation buffer (as above), and unfixed cryosections of lung tissue on slides were directly coated onto surface. Gel was incubated at 37°C overnight. Slides were removed and gels were placed in zymography incubating buffer for 16 h at 37°C. The gel was stained and destained as for gelatinase zymography. MMP in the lung digested an area that was white against the blue background of the gel.
Lung morphometry. Lungs were fixed in situ through a polyethylene tracheal cannula with 2.5% glutaraldehyde at a constant pressure of 20 cm water for 2 h. The trachea was then ligated and the lungs were excised and immersed in glutaraldehyde for 24 h. Lung volumes were measured by the displacement method in the fixative solution. Previous experiments (3, 8) have calculated minimal shrinkage using this technique (0 -2%), so data were not corrected.
After fixation, transverse sections of the inferior portion of the left lung were embedded in paraffin. Tissue slices 3 m thick were cut throughout the entire sections and stained with Gomori-trichromaldehyde fuscin. Slides were initially examined to eliminate sections with evidence of inadequate preparation.
Light-level morphometric assessment of the lung parenchymal tissue was performed in a blinded fashion on coded slides from eight animals in each group. Six randomly selected fields were examined from the inferior section of the left lung. Images of histologic specimens observed with the microscope (Olympus, Tokyo, Japan) were captured via a "SPOT" digital camera (Diagnostic Instruments Inc., Sterling Heights, MI, U.S.A.). The measurements and calculations were performed with Image-Pro Plus (Media Cybernetics Inc., Del Mar, CA, U.S.A.) image analysis software. Parenchymal tissue includes 28 alveolar septa, alveolar ducts, respiratory bronchiolar tissue, and blood vessels with a diameter Ͻ10 m and their contents. Volume density of parenchymal tissue was calculated as [field area (FA) Ϫ airspace area/FA] ϫ 100 from each analyzed field. Mean septal thickness was calculated from the parenchymal tissue area and the length of the gas-exchange surface.
Mean alveolar diameter (Da) was generated from the image software and used to calculate mean volume of airspace units (Da 3 ϫ )/3. To detect the structural changes in alveolar airspace, the perimeter to area ratio, an indication of the shape of the alveoli, was calculated from each field. A lower ratio indicates a simple, more rounded structure (i.e. less septa protruding into the airspace).
The internal surface area of the lung available for respiratory exchange was calculated from the formula (4 ϫ lung volume)/Da [adapted from (22) ]. These data were normalized to 100 g of body weight and used as specific internal surface area.
Statistical
The results were analyzed by two-way ANOVA, where variance was distributed according to treatment and time. When a significant F value was found, Tukey's post hoc test was used to determine significance (23). Morphometry results were analyzed using t test. Statistical significance was achieved at p Ͻ 0.05.
RESULTS
MMP mRNA levels. Expression of message for MMP-2 did not change significantly between d 6 and d 14 in the animals raised in room air (Fig. 1A) . Exposure to oxygen resulted in levels of mRNA consistently greater (p Ͻ 0.05 between air and O 2 groups) than levels expressed from lungs of normoxic pups (Fig. 1A) .
Mean MMP-9 mRNA expression levels did not change between d 6 and d 14 in animals exposed to room air (Fig. 1B) , but rat pups from the hyperoxic environment expressed significantly lower levels of mRNA for MMP-9 than the normoxic pups on each experimental day (p Ͻ 0.05 between air and O 2 on each individual day). Levels of mRNA from pups exposed to O 2 were more than 2.5-fold lower than levels of normoxic pups on d 6; this decrease was maintained throughout the experimental period (Fig. 1B) .
MMP protein levels. Two bands were observed for MMP-2 by Western immunoblotting (Fig. 2A) , one representing the "pro" form of the protein at 72 kD and one representing the active (cleaved) form of the protein at 68 kD. In all experiments, the pro-form was in greater abundance than the active form. There was no increase in pro-MMP-2 protein mass from d 6 to d 14 in the lungs of normoxic pups (Fig. 2B) , nor did O 2 exposure result in any change in the pro-MMP-2 protein levels (Fig. 2B ). There was a small, transient decrease in protein levels of the active form of MMP-2 in normoxia pups on d 12 (p Ͻ 0.05) compared with d 6 (Fig. 2C) , however by d 14 protein had returned to similar levels. Exposure to O 2 caused a significant decrease in active MMP-2 protein levels for the group as a whole (p Ͻ 0.05 between air and O 2 groups) (Fig.  2C) .
Western immunoblotting for MMP-9 revealed only one band at 92 kD, corresponding to the "pro" form of MMP-9 ( Fig. 2D ) (14, 15) . Protein levels of pro-MMP-9 did not change during the experimental period (d 6 -14) in the pups exposed to room air (Fig. 2E) . Hyperoxic exposure, however, caused a rapid decrease in pro-MMP-9 mean protein levels by d 6, returning to air levels on d 9, and decreasing again on (Fig.  2E) .
MMP activity levels. Using gelatinase zymography, three bands corresponding to pro-MMP-9 (92 kD), pro-MMP-2 (72 kD), and active MMP-2 (68 kD) were observed for all days and treatment groups (Fig. 3A) . Activity levels of pro-MMP-2 did not change between d 6 and d 14 in the normoxic group and, although the mean levels after exposure to O 2 were higher, these were not significantly different (Fig. 3B) . Activity levels of the active form of MMP-2 in the normoxic animal group did not change significantly during the experimental period. Oxygen exposure caused a significant inhibition of active MMP-2 activity for the group as a whole (p Ͻ 0.05 between air and O 2 groups) and between air and oxygen on d 14 (Fig. 3C) .
Pro-MMP-9 activity levels did not change between d 6 and d 14 in the lungs of rat pups raised in room air (Fig. 3D) . In rat pups exposed to Ͼ95% O 2 , pro-MMP-9 activity levels were decreased for the group as a whole (p Ͻ 0.05 between air and O 2 groups).
TIMP mRNA and protein levels. Our original hypothesis predicted that MMP would increase in the presence of hyperoxia, and this was true for MMP-2 mRNA, but not for the overall active MMP-2 protein or enzyme activity, which was significantly lower in hyperoxia as was overall MMP-9 for all parameters determined. We therefore decided to measure the mRNA expression of TIMP-1 and TIMP-2 and TIMP-1 protein, expecting that their levels might be oppositely affected by oxygen and this contrast would emphasize the biologic potential of the decreases in MMP activity observed in O 2 -treated pups. Based upon the MMP results, we hypothesized that hyperoxia would increase levels of TIMP.
Expression of message for TIMP-1 did not change significantly between d 6 and d 14 in the animals raised in room air (Fig. 4A ). Exposure to oxygen did not cause any change in TIMP-1 mRNA levels until d 14, when O 2 increased levels to 1.7 times the levels expressed from lungs of normoxic pups (p Ͻ 0.05) (Fig. 4A) .
Mean TIMP-2 mRNA expression levels did not change significantly between d 6 and d 14 in animals exposed to room air (Fig. 4B) . Rat pups from the hyperoxic environment expressed similar levels of mRNA to the normoxic pups on all experimental days (Fig. 4B) .
The most interesting changes occurred in the levels of TIMP-1 protein (Fig. 5) . There was both a significant (p Ͻ 0.01) age-related effect and hyperoxia effect, which elevated TIMP-1 protein levels by more than 2-fold on from d 9 to 14, which, when compared with changes in mRNA, suggests a posttranscriptional level of control by hyperoxia.
MMP inhibition. Another approach to assess the potential involvement of MMP in arrested alveolarization is to inhibit their proteolytic activity in newborn rat pups and analyze lung development morphometrically. Administration of the pan-MMP inhibitor, doxycycline, caused a decrease in MMP-2 and MMP-9 activity on d 14 as measured by in situ gelatinase zymography. The test was performed three times with similar results each time; however, the data are not shown because each image was faint and would not reproduce well enough for publication. Gelatinase zymography could not be used as doxycycline separates from the MMP during electrophoresis of the SDS gel and would therefore not inhibit activity. Doxycycline caused a small reduction in body weight by d 14 -28.6 Ϯ 0.6 g for control pups versus 26.6 Ϯ 0.4 g for treated pups (p Ͻ 0.05). No significant reduction in lung volume on d 14 was observed-1.65 Ϯ 0.05 for control pups versus 1.68 Ϯ 0.05 mL for doxycycline-treated pups. This resulted in lung/ body weight ratios that were similar (0.058 versus 0.063).
Representative photomicrographs of lung parenchyma from the treatment groups are depicted in Figure 6 . Compared with vehicle-treated animals, the rats treated with doxycycline from d 4 to d 14 had larger and more simplified alveolar airspaces.
These visual impressions were confirmed and quantified by the morphometric data ( Table 1) . Treatment of pups with Bands of gelatinolytic activity were observed at 92, 72, and 68 kD. Data are mean Ϯ SEM, n ϭ 5-7 lungs/group. Animals were exposed to air (white bars) or O 2 (black bars). Pro-MMP-2 activity levels did not change with advancing age, and O 2 exposure did not change pro-MMP-2 activity levels. There was no change in active MMP-2 activity on any day examined in the normoxic groups. O 2 exposure caused a significant decrease in overall active MMP-2 activity levels (p Ͻ 0.05 between air and O 2 groups). Pro-MMP-9 activity levels were unchanged during development, but O 2 exposure caused a decrease in overall activity levels for pro-MMP-9 (p Ͻ 0.05 between air and O 2 groups). doxycycline increased (p Ͻ 0.001) on d 14 the calculated volume of the airspace unit and showed evidence of simplified alveoli as indicated by a decreased ratio of air space perimeter to area. A decreased lung surface area, as measured by specific internal surface area, was also observed in the MMP-inhibited group, and the relative amount of lung parenchymal tissue, as assessed by volume of parenchyma, decreased in response to doxycycline treatment (p Ͻ 0.001). However, the thickness of the septal walls did not change significantly between the experimental groups.
DISCUSSION
In this study we have demonstrated that a leading cause of developmental lung pathology, hyperoxia exposure, alters the normal expression of MMP and TIMP, particularly MMP-9 and TIMP-1, in a pattern that is consistent with decreased MMP activity. Further, we have produced evidence that illustrates the potential of reduced MMP activity to be associated with impaired alveolar development. Although our original hypothesis was not supported, we are confident that these data present a true picture of the response to hyperoxia in the newborn rat during the time period and conditions of the experiment.
Our data would suggest MMP regulation can occur at several levels. In this model, hyperoxia suppresses MMP-9 at the mRNA expression level from the first time point at d 6, which may be responsible for the overall decrease of pro-MMP-9 protein and enzymatic activity. Conversely, TIMP-1 protein levels increase due to hyperoxia before the TIMP-1 mRNA levels increase, suggesting that posttranscriptional regulation by hyperoxia is a key step in their regulation. Subsequently, increased protein levels of TIMP-1 may have a further inhibitory action on MMP-9, which we could not measure using the techniques we used. Expression of the mRNA encoding pro-MMP-2 or its protein levels did not change throughout the course of the experiments, or with hyperoxia treatment. Only the active form of MMP-2 protein and zymographic activity was decreased, suggesting suppression of activation at the level of the pro-enzyme.
MMP-2, MMP-9, and TIMP-1 have many potential functions during the process of alveolar development, which is characterized by a period of remodeling as the number of alveolar septa increase, the microvasculature matures, and the intraalveolar walls thin. During this period of rapid cell proliferation, collagen levels do not change, however, the rate of synthesis increases (24) with as much as 40% of the new collagen being degraded. MMP can also affect cell survival and proliferation both positively and negatively by regulating cell survival signals generated by specific adhesive events (9) . Lungs of mice that are gene deleted (Ϫ/Ϫ) for MMP-2 have decreased branching morphogenesis and reduced alveogenesis (25) . Therefore, decreased levels of MMP-2 and MMP-9 may cause a decrease in septation through the ability of these enzymes either directly or by modifying growth factors that are bound to the matrix. For example, cleavage of decorin by MMP-2 releases transforming growth factor-␤ bound to decorin (26) .
TIMP-1 is induced by a number of factors, including phorbol esters, cytokines, growth factors, and serum (16) . TIMP bind to the active zinc-binding site of MMP, but can also bind at other domains of MMP-2 and -9, and to the nonactivated pro-form of the enzymes (16) . TIMP-1 also has actions that are independent of inhibition of MMP activity and opposite to those of MMP-2 and -9, in that it maintains the structural integrity of the basement membrane of the mammary gland (27) and inhibits angiogenesis in bioassays (28, 29) . Clearly, an imbalance in TIMP and MMP production and activity can be a component in disease processes and has been associated with inflammation, wound healing, and other processes (16) .
Our TIMP data are in agreement with those of Horowitz et al. (30) , who showed that neonatal rabbits exposed to Ͼ95% O 2 for 96 h had increased levels of TIMP-1 mRNA. However, the responsiveness of lung tissues to hyperoxia may be dependent upon age (or stage of pulmonary development) and species. Indeed Minoo et al. (31) showed that TIMP-1 mRNA increases at birth in premature baboons, but is not affected by ventilation with 100% oxygen. Previous studies using the guinea pig have shown, as we have, that there is no change in TIMP-2 expression in a model of hyperoxic-induced lung damage in which adult guinea pigs are exposed to 100% O 2 for 24 and 72 h (32). . TIMP-1 levels increased with advancing age. Superscripts designate statistically significant differences between days (p Ͻ 0.001, ANOVA, Tukey's test). Uppercase letters represent hyperoxia-exposed pups; lowercase letters represent normoxia-exposed pups. O 2 exposure caused a significant increase in TIMP-1 expression above that of the air group from d 9 onward (p Ͻ 0.05). *Significant difference between air and O 2 pups on the day indicated.
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If indeed hyperoxia leads to inhibition of MMP activity and altered alveolarization, it would be reasonable to expect inhibition of MMP to produce changes in lung morphometry similar to those of hyperoxia. We therefore administered doxycycline, a member of the tetracycline family that nonselectively inhibits MMP by binding to the active zinc sites (33) and also by binding to an inactive calcium site, which causes conformational change and loss of enzymatic activity (34) . Doxycycline, when administered orally, has been shown to decrease collagenase and gelatinase protein and activity levels in cartilage (35) . In our studies, gelatinase activity was reduced and lung morphometry at d 14 was inhibited. This arrested alveolar development was similar to that we observed due to O 2 exposure, with larger, simplified airspaces when compared with vehicle-treated control animals (5). These results are in agreement with recent work by Franco et al. (36) , who observed that, instead of improving lipopolysaccharide-induced alveolar growth disorders as they had predicted, doxycycline actually worsened some parameters. Interestingly, neither hyperoxia (5) nor doxycycline administration caused an increase in septal thickness, suggesting a lack of severe inflammation or fibrosis for both these treatments, which concurs with low MMP activity in both models. We recognize that doxycycline inhibits most other members of the MMP family, and has other effects such as regulating cytokines (37), however, doxycycline did lower MMP gelatinase activity in these studies. Our doxycycline results are therefore consistent with a role for decreased MMP or elevated TIMP in developmental lung pathology and suggest the possibility of their involvement in these altered processes.
Two earlier studies using different exposure protocols showed that exposure of newborn rat pups to O 2 increased MMP activity, results opposite to those of this study. In experiments by Devaskar et al. (18) , Ͼ85% O 2 administered to rat pups between d 1 and d 6 increased type IV collagenase, however, this was largely during the saccular stage and into the early alveolarization stage before many events key to alveolar development. In a study from our laboratory (19) , exposing rat pups to hyperoxia from birth caused an increase in pro-enzyme activity after 14 d of hyperoxia, as opposed to a maximum 10 d exposure in this study. The newborn lungs may have either started a repair response, as evidenced by the pro-form increasing its zymographic activity, or mounted a greater inflammatory response with the longer exposure to oxygen. Indeed, Buckley et al. (38) demonstrated that hyperoxia-induced MMP-9, measured in vitro, parallels the time course of in vivo repair in a model of migrating cultured type II alveolar epithelial cells.
In summary, we present data that demonstrate a change in the lung MMP/TIMP ratio as a consequence of hyperoxia exposure during alveolarization in newborn rats. Further, our results suggest that an association between inactivated MMP and arrested alveolarization is possible through the use of an MMP activity inhibitor. Certainly more studies on a broader range of MMP, studying specific enzymatic activity and biologic actions, and with more specific blockers of individual MMP are still necessary. But the likelihood that MMP and TIMP are associated with normal and abnormal alveolarization is certain. 
